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Comparing the assumptions of Models #1 and #3, we can see
that the level of accounting for the three-dimensional nature of
PTH is identical. The material properties in both models are as-
sumed to be temperature-dependent and dependent on the stress
levels. There are some insignificant differences. For example, the
Model #3 accounts for a variable barrel thickness, whereas the
Model #1 assumes that the barrel thickness is constant for the
entire PTH barrel. Without any complications, both models can be
developed in an identical manner. This is true as far as both mod-
els are axisymmetric. Of course, the FE method has the advantage
to consider the general 3D elements what in the closed-form so-
lution would be very cumbersome. This fact, however, does not
relate to the comparison of Models #1 and #3.
Comparing Figs. 1–3 with cross-sections of actual PTH’s~Fig.
4!, we can see that application of FE method does not bring the
model geometry closer to the real structure. The material proper-
ties used in FE model are those typically used in the microelec-
tronic industry. For example, the barrel-copper properties are
taken from the tests of board layer plating—though there exists
evidence that these coppers may have significantly different prop-
erties, as well as the properties of plated copper may vary in the
range of650 percent~Safranek@5#!.
In addition to this indefiniteness in the geometry and material
properties, it is known for such FE multimaterial models that there
is a high mesh sensitivity of the numerical results. Therefore, we
cannot consider the FE model’s quantitative results to be highly
accurate. High dependence of the failure indicators~maximum
equivalent plastic strains! on many geometrical and material pa-
rameters of the structure makes it impossible to generalize con-
clusions derived from one pilot set of results to all PTH structures.
These limitations of the FE method must be taken into consid-
eration when a tool for the stress analysis of a microelectronic
structure is chosen. Exchange of opinions on these issues would
be very useful for our engineering community.
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Experimental measurements were obtained to characterize the
thermal performance of ducted air suction in conjunction with a
pin-fin heat sink. Four single nozzles of different diameters and
two multiple-nozzle arrays were studied at a fixed nozzle-to-target
distance, for different turbulent Reynolds numbers~5000<Re
<20,000!. Variations of nozzle-to-target distance, i.e., open area,
in ducted suction were found to have a strong effect on heat trans-
fer especially with the larger diameter single nozzle and both
multiple-nozzle arrays. Enhancement factors were computed with
the heat sink in suction flow, relative to a bare surface, and were
in the range of 8.3 to 17.7, with the largest value being obtained
for the nine-nozzle array. Results from the present study on air jet
suction are compared with previous experiments with air jet im-
pingement on the pin-fin heat sink. Average heat transfer coeffi-
cients and thermal resistance values are reported for the heat sink
as a function of Reynolds number, air flow rate, and pumping
power.@S1043-7398~00!00903-8#
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Pull and Push Modes, Air Jets, Confined Jets, Heat Sinks, Pin
Fins
Introduction
Air jet impingement has proven to be among the more desirable
cooling techniques for electronic equipment, and is very effective
when used in conjunction with extended surfaces~Choi and Kim
@1#, Copeland@2#, Bartilson@3#, Brignoni and Garimella@4#, and
El-Sheikh and Garimella@5#!. It offers a reliable and simple
method for managing heat dissipation in increasingly miniaturized
electronic components. In contrast to impingement, the applica-
tion of concern in the present study is the cooling of electronic
components by confined suction of air. Air suction~i a pull-
mode, as opposed to thepush-mode in impingement! is desirable
in practical applications of jet impingement since it circumvents
problems concerning exhaust of the heated spent air. In impinge-
ment on multiple chips on a circuit board, heated exhausts from
neighboring chips can have a detrimental effect on the cooling
rates achieved. In suction~pull-mode! on the other hand, fresh
inlet air is drawn over the chips, and the heated spent air is chan-
neled away from the chips. The suction arrangement is also ben-
eficial since it allows the lowest-velocity air to have the greatest
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Fig. 4 Cross-sections of plated-through hole
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surface-to-coolant temperature difference; as the coolant picks up
heat from the target, it also speeds up, thus compensating for its
expected loss in heat-removal capability.
The present study seeks to understand the effects of the gov-
erning variables~nozzle diameter, flow rateV̇, nozzle-to-target
spacing and number of nozzles! in confined air suction from en-
hanced surfaces. Comparisons with a previous study on confined
air jet impingement~Brignoni and Garimella@4#! are made to
explore the heat transfer capabilities of three flow schemes: bare-
surface air suction, enhanced-surface air suction and enhanced-
surface air impingement.
Experimental Setup and Procedures
The experiments were conducted in the same facility as used in
previous studies~Brignoni and Garimella@4#; Schroeder and Ga-
rimella @6#! but with the air flow direction reversed; details of the
experimental facility and procedures are available in these refer-
ences. A plastic duct was glued to each nozzle plate to force the
air flow into the lower portion of the pin-fin heat sink and reduce
bypass between the nozzle plate and the fin tips~Fig. 1!. The duct
has an inside width (Wd) of 19.5 mm, length (Ld) of 16.8 mm,
and wall thickness~t! of 6 mm. The nozzle-to-target distanceH is
set using high-precision gage blocks. The duct clearance (Cd) at
the air inlet was fixed at 2.7 mm for experiments with air suction
on both bare and enhanced surfaces. The pressure drop (DP) is
measured with a manometer using a pressure tap located in the
wall of the plenum. The ambient temperature (T`) is measured
using a 20 gaugeT-type thermocouple just beyond the confine-
ment region.
Four different orifice diameters were studied for the single-
nozzle experiments:d51.59, 3.18, 6.35, and 12.7 mm; two con-
figurations were studied for multiple-nozzle experiments: an array
of four 3.18 mm diameter nozzles (433.18), and another with
nine 1.59 mm diameter nozzles (931.59). The spacing between
the multiple nozzles was fixed at four nozzle diameters. All ori-
fices have an aspect ratiol /d of 1.
The 20320 mm heat source, which is flush-mounted to the tar-
get plate and exposed to air flow, has a heated copper block con-
struction as described in Brignoni and Garimella@4#. The surface
t mperature (Ts) is measured with five 36 gaugeT-type thermo-
couples inserted just underneath the surface. The input power
(Qgen) was provided by imbedded cartridge heaters.
A heat sink~custom-manufactured by PinFin, Inc.! is held on to
the heat source by cantilever clamps, which exert a repeatable,
constant force. The heat sink has a 20320 mm copper base, which
is 2.4 mm thick. The copper pin fins are of circular cross-section
with a 0.9 mm diameter, and are 16.4 mm high. The heat sink has
a total of 72 pins with a pitch of 1.59 mm. The interface material
clamped between the heat sink and the heated surface is T-pli 210
~Thermagon, Inc.!
The heat losses were determined experimentally in a manner
similar to that of Obot and Trabold@7#; details are provided in
Brignoni and Garimella@4#. A linear relationship was experimen-
tally found between the power losses (Qloss) and the surface-to-
ambient temperature difference:
Qloss50.096•~Ts2T`! (1)
The average heat transfer coefficients in the bare and enhanced-
surface experiments are obtained as:
h̄bare5
Qout
Ah•~Ts2T`!
(2a)
h̄enhanced5
Qout
Ah•~Tbase2T`!
(2b)
in which Tbaseis the temperature within the base of the heat sink,
andQout is the difference betweenQgen andQloss. In both cases,
the heat transfer coefficient is based on the bare surface area,Ah ,
of 20320 mm.
The uncertainty in measured heat transfer coefficient at 95 per-
cent confidence for the enhanced-surface experiments with air jet
suction and impingement was estimated to range from 2.1 to 5.3
percent and 2.9 to 5.8 percent, respectively. The greatest contri-
bution~73 percent! to the estimated uncertainties in the heat trans-
fer coefficient resulted from uncertainties in the temperature
measurement.
The aims of the experiments are to characterize air jet suction
heat transfer from a pin-fin heat sink and to obtain enhancement
factors relative to bare-surface results under comparable condi-
tions. The enhanced-surface results obtained from experiments in
suction are then also compared to those from a previous study on
jet impingement~Brignoni and Garimella@4#!. Experiments with
ducted air suction were performed for Reynolds numbers of 5000
to 20,000~15,000 for the single 1.59 mm and 931.59 mm array!
with the nozzle-to-target distance fixed atH519.5 mm for experi-
ments on the bare surface~Fig. 1~a!!. For suction from the
enhanced-surface,H was set at 21.9 mm to account for the thick-
ness of the heat sink base; thus,Cd52.7 mm, and is the same for
both enhanced and unenhanced experiments as demonstrated in
Figs. 1~a! and 1~b!. The enhancement in heat transfer obtained as
a result of introducing the heat sink is reported in terms of an
enhancement factor«. The performance of the suction arrange-
ment is also contrasted with jet impingement at the same nozzle-
to-target spacing~Figs. 1~b! and 1~c!!.
Results and Discussion
As a baseline, the heat transfer in suctionwithout a duct in
place is first examined. The effect of changing the nozzle-to-target
spacing on the heat transfer coefficient in nonducted suction
(h̄bare) is shown in Fig. 2 for all nozzle diameters at Re510,000
~as a function of normalized spacingH/d!. The strong dependence
of heat transfer onH/d is evident, especially for the multiple
Fig. 1 Schematic diagrams for: „a… bare surface with ducted
suction; „b… enhanced surface with ducted suction; and „c… en-
hanced surface with jet impingement. All dimensions are in
mm.
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nozzle arrays. For instance, with the 931.59 mm array, increasing
H/d from 1 to 2 causes a reduction inh̄bare of 43 percent. Simi-
larly, for the 433.18 mm array, an increase inH/d from 0.5 to 1
results in a reduction inh̄bare of 20 percent. The dependence of
h̄bare on nozzle-to-target spacing is most significant at the smaller
spacings, and appears to level off forH/d>4. Clearly, asH/d
increases, less and less of the suction stream is in effective contact
with the heat source. The duct attached to the nozzle plate~Figs.
1~a! and 1~b!! is designed to redress the situation by forcing the
incoming air flow to pass closer to the heat source prior to suction
into the nozzle, and is used in all subsequent experiments.
Figure 3~a! shows the bare-surface~unenhanced! heat transfer
coefficients at different Reynolds numbers in ducted suction. The
average heat transfer coefficienth̄bare increases substantially as
Reynolds number is increased. The behavior of the single 1.59
mm diameter nozzle is the exception, and may be attributed to the
very low volume flow rates and associated low velocities in the
duct for this nozzle.
The enhanced heat transfer rates obtained in ducted suction
~Fig. 1~b!! upon the introduction of the heat sink were measured
for the same range of Reynolds numbers as for the bare-surface
above, and are shown in Fig. 3~b!. Due to pressure drop limita-
tions the single 1.59 mm diameter nozzle was tested at only Re
55000 and 10,000. Among all the bare-surface~unenhanced! ex-
periments~Fig. 3~a!! it was found that the maximum value for
h̄barewas 173 W/m
2K with the single 12.7 mm diameter nozzle at
Re520,000. With the heat sink attached, however, a value for
h̄enhancedof 2477 W/m
2K was obtained with the same nozzle at the
same Reynolds number. This represents an enhancement factor of
14.3. The enhancement factors for all the results obtained were in
the range 8.3<«<17.7, the highest value being obtained with the
931.59 mm array at Re515,000. It is emphasized that in the
definition of h̄enhancedin Eq. ~2b! the resistance introduced by the
interface material~measured to be'0.2°C/W! is excluded so that
the bare and enhanced-surface heat transfer coefficients may be
compared on the same basis.
It is also seen from Fig. 3~b! that the heat transfer rates in
suction with the heat sink attached are similar for three nozzle
configurations: the single 12.7 mm nozzle and the 931.59 and
433.18 mm arrays. This may be attributed to the fact that the
three nozzle plates have similar total volumetric flow rates for a
given Reynolds number. A comparison between Figs. 3~a! and
3~b! shows that an increase in the number of nozzles of a given
diameter has a much greater enhancing effect on heat transfer for
the enhanced surface than for the bare surface. Ford51.59 mm,
when the number of nozzles is increased from 1 to 9, there is a
152 percent increase inh̄bare~Fig. 3~a!! compared to a 245 percent
increase inh̄enhanced~Fig. 3~b!! for a given Reynolds number. With
d53.18, these increases are by 96 percent and 120 percent, re-
spectively, when the number of nozzles is increased from 1 to 4. It
must be remembered that these increases~at fixed Re! in heat
transfer with the multiple nozzles are obtained at the expense of
flow rates of air that are nine or four times higher than their
single-nozzle counterparts. However, the pressure drop required is
quite similar for single and multiple nozzles of the same diameter.
Fig. 2 Variation of bare surface heat transfer coefficient for
different values of nozzle-to-target spacing at Re Ä10,000 „non-
ducted suction …
Fig. 3 „a… Bare-surface „Fig. 1 „a…, HÄ19.5 mm …, and „b…
enhanced-surface „Fig. 1 „b…, HÄ21.9 mm … heat transfer coeffi-
cients as a function of Reynolds number for all nozzle
combinations
Fig. 4 Thermal resistance as a function of volumetric flow rate
of air in suction for bare and enhanced-surface experiments
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The heat sink thermal resistance (Rconv) is an important param-
eter in practical applications, and is shown in Fig. 4 as a function
of volumetric air flow rate for all the experiments, both with and
without the heat sink in place. While the thermal resistance de-
pends on nozzle configuration for the bare surface experiments, it
shows a dependence only on the flow rate when the heat sink is
present~and the curves for all nozzle plates collapse on to one
line!. The lowest value,Rconv51.01°C/W, was obtained with the
12.7 mm single nozzle at an air flow rate of 6.61 CFM (Re
520,000).
Figure 5 shows the pumping power~F! required to meet a
given thermal resistance requirement for each nozzle configura-
tion. As expected, for a given pumping power and nozzle plate,
Fig. 5 shows that considerably lower values for thermal resistance
are obtained with suction flow from the heat sink than from a bare
surface. For pumping power values of 0.4<F<3.1 W, two
nozzle plates perform alike in suction —d56.35 mm and 4
33.18 mm — for both bare and enhanced surface experiments,
since these nozzle configurations have the same open area. The
12.7 mm single nozzle is seen to be the best configuration in
enhanced suction at any given pumping power.
As another useful comparison to evaluate the trade-offs in-
volved in implementing a suction arrangement as opposed to con-
ventional impingement, Fig. 6 shows thermal resistance values in
suction and impingement with the heat sink present. From the
results of the present study it is clear that air impingement outper-
forms suction in terms of thermal performance and leads to lower
thermal resistances for a given flow rate. For example, at a flow
rate of 0.37 CFM the 1.59 mm single nozzle produced a thermal
resistance of 2.13°C/W for impingement and 4.98°C/W for suc-
tion. However, suction is associated with other advantages such as
reduced thermal-performance degradation due to heating of spent
coolant. It is interesting to note that with impingement, results for
the single 12.7 mm nozzle and the 433.18 and 931.59 mm ar-
rays are distinctly separated, suggesting a stronger dependence of
heat transfer on nozzle exit velocity than that for suction. Cope-
land @2# evaluated the effects of changing the pin-fin parameters
on heat transfer in liquid suction and impingement; however, the
difference in performance of the two flow schemes could not be
compared in that study. Results reported from experiments with
boiling liquid flow comparing impingement and suction~McGillis
and Carey@8#! showed similar performance between the two
when compared at similar jet velocities; no surface enhancements
were considered.
Conclusions
Experiments using air jet suction were conducted on a discrete
heat source enhanced by a pin-fin heat sink with several single
nozzles and multiple-nozzle arrays at different Reynolds numbers.
Heat transfer was found to be a strong function of nozzle-to-target
spacing for single and multiple nozzles in confined suction.
Changes in nozzle-to-target spacing, especially for large nozzle
diameters~d512.7 and 6.35 mm! also affected pressure drop.
Larger enhancement factors (8.3<«<17.7) were obtained in suc-
tion upon the introduction of the heat sink when compared to
impingement (2.8<«<9.7). However, on the basis of volumetric
flow rate, air jet impingement yields lower values for heat sink
thermal resistance than air suction.
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Fig. 5 Thermal resistance as a function of pumping power for
suction
Fig. 6 Comparison of heat sink thermal resistance between
suction and impingement „Figs. 1 „b… and 1 „c……
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